Stability and aggregation state of aqueous solution of meso-tetra (4-sulfonatophenyl) porphine were studied by measuring the absorption spectra in UV-VIS range. Long-duration temporal variations of the optical features were examined and interpreted as being induced by the change of the forms of porphyrin. The observed effects were explained by the variation of acidity of the aqueous solution induced by the change of the composition of solution and due to the possible influence of photodegradation. It was also concluded that J-aggregates are most favourably adsorbed on the solid substrates from aqueous solution of porphyrin.
Introduction
The porphyrins and their solutions were widely investigated mainly as therapeutic drugs, targeting agents, and photosensitizers in photodynamic therapy [1] . Various solutions of porphyrins were studied taking into account the characteristics of biological media.
Recently, organic compounds have also attracted attention as perspective materials for molecular electronics (see, e. g., [2] and references therein). In addition, it is well known [3] that due to spontaneous selfaggregation, large molecular assemblies form in the aqueous/organic solutions of porphyrins. In the solid state the resulting structure with large channels can act as a host for solvent molecules and can be used as microporous molecular material for sensors and chemical separation. From this point of view, the studies of time stability and deposition regularities of porphyrins from aqueous solutions, which are the most promising for technical applications, are of a great interest.
The formation of supramolecular organizations was indicated and investigated by several optical methods like absorption, circular dichroism, fluorescence, and resonance light scattering. As a result of experimen-tal investigations, characteristic bands of various porphyrin formations were revealed [3] [4] [5] [6] [7] [8] [9] [10] .
The aggregation kinetics of porphyrins was also extensively studied. It was found that J-aggregate formation of a water-soluble dilute (1.5·10 −5 M) porphyrin in acid aqueous media saturated at several hours [8] . The large-scale aggregates of protonated porphyrin dimers were formed in water-organic solutions in a time period exceeding 68 h at porphyrin concentration 1.5 · 10 −5 M [9] , and a green precipitate was noticed after several days [10] . The formation of homoassociations of diprotonated porphyrins in acid solutions was indicated [11] by measuring the signal of circular dichroism which increased strongly during the first few days and asymptotically varied after 2-3 months. It should be noted that in the porphyrin system the delay or lag period of up to 1 h was found [3] .
The task of the present work was twofold. On the one hand, long-duration temporal changes were noticed and investigated in pure aqueous solution of meso-tetra(4-sulfonatophenyl) porphine (TPPS 4 ). On the other hand, the investigated aqueous solution contained porphyrin in various aggregation states. Therefore, it was possible to examine the change of aggregation state during several experimental runs under conditions similar to those, which could be used in fabrication of electronic devices at deposition of liquid precursors on substrates.
Experimental
The samples studied were prepared from mesotetra(4-sulfonatophenyl) porphine dihydrochloride (Frontier Scientific, Inc., Logan), which had been dissolved in a purified water. The acid solution of TPPS 4 with pH value equal to 2.5 was obtained. The solution was stored in dark at room temperature for 10 days, the time assumed to be sufficiently long to complete the aggregation process. However, successive long-duration changes were still observed in the optical absorption of aqueous solution of porphyrin. The TPPS concentration in aqueous solution was evaluated spectroscopically and the results will be discussed in the next section. Figure 1 shows the AFM micrograph of initial aqueous solution of TPPS deposited on mica substrate 10 days after the preparation. As it is seen, the sticklike structures of 0.1-1.0 µm in length, 50-100 nm in width, and 20-25 nm in height have been formed.
Experimental series of 6 runs of optical measurements started 12 days after preparation of aqueous solution and was completed in the next 12 days. Each experimental run was carried out using the cuvette with a newly refilled aqueos solution. The optical spectra were measured by means of a spectrophotometer SPECORD UV-VIS using quartz cuvettes of 0.1-2.0 mm in length. The absorption coefficient of the samples of solid solutions was calculated neglecting the scattering effects. The position and halfwidth of separated and deconvoluted overlapping bands were determined with accuracy of ±2 − 3 nm assuming the Lorentzian-type lineshape. In the fitting procedure the band characteristics and background were treated as adjustable parameters. It should be noted that the concentration values determined below were just the approximate values for the amounts of porphyrin of a particular form in a mixture of various forms.
Results and discussion
The long-duration temporal changes of the spectra are illustrated by Fig. 2 . The examples of the convolution of the spectra in the vicinity of Soret and some Q-bands are presented in Figs. 3 and 4, respectively. The fine structure of the absorption spectra shows that porphyrins of various forms have been present in the initial aqueous solution ( Fig. 2(a) ). The locations of strong absorption bands observed at 437, 590, and 643 nm (Figs. 3 and 4) were in agreement with those for monomer of diprotonated porphyrin [11] . It is known that in aqueous diluted (∼1·10 −6 M [6]) acidic (pH<4) solutions porphyrin in a dianion form (H 4 TPPS 4 ) 2− is monomeric with Soret band at 432 nm [12] , 434 nm [4, 5] , or 437 nm [13] , depending on the pH values and concentration of aqueous solution. The Q-bands Q(1, 0) and Q(0, 0) corresponding to D 4h symmetry are located at 594 nm and 644 nm [4, 5] (or 642 nm [12] ), respectively. The relative intensity and lineshape of the Q-bands (Figs. 2(a), 4(a)) was similar to those observed in [12] for monomeric dianionic H [4] .
The porphyrin molecule in diacid form has a positive charge that interacts with sulphonatophenyl anionic groups of other molecules and tends to aggregate. Monomers of (H 4 TPPS 4 ) 2− assemble to form the J-aggregates of diprotonated porphyrin due to edge-toedge interaction [14] exhibiting an intense Soret band B J at 490 nm [3] . At high porphyrin concentrations (∼ 1 · 10 −4 M [6]) another band B H at 420 nm [6, 7] was observed which has been assigned to the manifestation of H-type face-to-face aggregates. In this case three bands at 625, 668, and 707 nm were indicated [6] . The bands at 490 and 706 nm are characteristic for the aggregated monomeric dianionic species [12] observed in acidic aqueous solution and develop at increasing the acidity and ionic strength as well as the concentration of (H 4 TPPS 4 ) 2− [15] . As seen from Figs. 2(a) and 4(a), the sharp band at 490 nm and the separated band at 705 nm were well resolved and together with the observed though masked B H and Q-bands indicated the presence of J-aggregates in the initial solution. It should be noted that coexistence of monomers (H 4 TPPS 4 ) 2− and J-aggregates has been observed previously [16] and most favourably has occurred at moderate temperatures of 37.5 • C [17] . The self-aggregation model based on spectroscopic data was confirmed by the X-ray scattering studies [7] . In the next 12-day period, the changes in the optical spectra were still significant (Fig. 2(b) ). In particular, the relative intensity inside the complex Soret band (Fig. 3) was redistributed over the com- ponents. As followed from decomposed spectra in the region of Soret bands (Fig. 3) , the main band at ∼437 nm decreased and disappeared in the next experimental runs. The changes in the intensity of the band at 422 nm were probably related to those of 414 nm band. The relative intensity of the band at ∼414 nm increased and it became dominant in the last run in the series (Figs. 2(b), 3) . Simultaneously, the changes in the region of Q-bands occurred: the longest-wavelength band at ∼706 nm disappeared and the bands at approximately 520, 560, 590, and 650 nm were observed. In addition, the intensity of the band at 490 nm decreased in the next experimental runs whereas that of the 520 nm band increased (Fig. 5) . The shift of the bands presented in Fig. 5 should be also noted. The observed spectral changes can be correlated to the spectral properties of porphyrins determined in aqueous solutions of different acidity [12, 18] . The spectral features shown in Fig. 2(b) can be ascribed to the formation of free-base species in the aqueous solutions with high pH values. The spectra are similar to those observed in [16] for TPPS 4 in aqueous solution with pH 5.15 and 6.9. In basic solutions with pH values 6.3 [8] , 7.4 [15] , 9.0 [7] , and 10.0 [4] the free-base porphyrin is formed with characteristic intense Soret band at 414 nm. Due to a lower symmetry D 2h , four weak Q-bands were noticed at 516, 552, 580, and 634 nm attributed to Q 4 , Q 3 , Q 2 , and Q 1 , respectively [7] . As it is known [6] , the aggregation in aqueous solutions leads to an increase in the width of Soret band but no new bands have been noticed. Therefore, according to the changes in the optical features of the investigated samples, the contribution of free-base porphyrin with D 2h symmetry became dominant after 6 experimental runs performed in 12 days. The concentration of free-base TPPS 4 estimated from the molar absorption coefficient of 411 nm [4] and 413 nm [19] bands using the reference data (5.33 · 10 5 cm −1 /M and 5.1 · 10 5 cm −1 /M, respectively) for porphyrin in aqueous solutions with corresponding pH values 10.0 and 6.0 was ∼0.7 · 10 −4 M. The data allows one to assume that the acidity of investigated aqueous solution of porphyrin decreased in this solution (Fig. 2(b) ).
It is worthwhile to note that a mixture of (H 4 TPPS 4 ) 2− and free-base (H 2 TPPS 4 ) 4− was observed [7] at pH 4.0 due to the close proximity to the pK a value of 4.52. The aggregation of free-base porphyrin in acidic media was indicated both in homogeneous solution and in the presence of surfactant [14] .
The absorption bands in the UV spectral region have not changed significantly during the experimental in- vestigations though the bands at 260 nm (4.8 eV) and 220 nm (∼5.6 eV) have slightly increased (Fig. 6 ).
The temporal changes of the optical spectra of investigated porphyrin solutions were not significant after 12 days of measurements. It should be noted that after one year the pH value of investigated sample, which experienced multiple experimental runs, was 7.9 and it differed from that (pH 2.5) of the control sample of aqueous solution.
The variations in the fine structure of porphyrins in aqueous solutions can be explained by the influence of several factors. Firstly, the long-duration temporal changes can be related to the increase of the pH value. The acidity in subsequent experimental runs could have diminished due to the formation of volatile HCl and hypochlorous acid HOCl. Decomposition of HOCl leads to the formation of active molecular oxygen [20] . It should be also noted that 1.27 µm IR radiation, the intensity of which is close to that in sun light, causes excitation of oxygen molecules dissolved in the water saturated with air at normal atmospheric pressure [21] . The influence of oxygen can result in a destruction of double carbon bonds and opening of the pyrol ring [1] . Secondly, the relative amount of porphyrins in different aggregation states can be changed in subsequent experimental runs because a certain part of porphyrin was presumably deposited on the cuvette walls and was removed by cleaning. As a result, the total porphyrin concentration was reduced. Thirdly, the relative changes in the band intensities as well as the decrease of total absorption indicated the decrease of porphyrin concentration which could be due to photodegradation [1, 18, 22] . A small though well observable increase of UV absorption (Fig. 6 ) indicated the influence of this factor. It should be noted that after 12 days of measurements, the cuvette of porphyrin with ∼1 cm 3 volume experienced the ∼2·10 4 lm·s (∼30 J) dose of light irradiation by room illumination. This value is sufficiently high, though lower than illumination doses usually applied in photobleaching experiments.
On the basis of experimental observations it can be concluded that the use of pure water as a solvent leads to the formation of unstable aqueous solution of TPPS 4 . In addition, it is reasonable to predicate that J-aggregates are firstly adsorbed on solid surfaces from the aqueous solution of porphyrins present in several aggregation forms.
